The standard Metropolis algorithm and the parallel tempering method are used to examine magnetization processes in the Ising model with the long-range RKKY interaction on the Shastry-Sutherland lattice. It is shown that the Ising model with RKKY interaction exhibits, depending on the value of the Fermi wave vector k F , the reach spectrum of magnetic solutions, which is manifested in the appearance of new magnetization plateaus on the magnetization curve. In particular, we have found the following set of individual magnetization plateaus with fractional magnetization m/m s =1/18, 1/9, 1/8, 1/5, 1/4, 1/3, 3/8, 5/12, 1/2, 3/5, 2/3, which for different values of k F form various sequences of plateaus, changing from very complex, appearing near the point k F = 2π/1.2, to very simple appearing away this point. Since the change of k F can be induced by doping (the substitution of rare-earth ion by other magnetic ion that introduces the additional electrons to the conduction band) the model is able to predict the complete sequences of magnetization plateaus, which could appear in the tetraboride solid solutions.
Introduction
In the past decade, a considerable amount of effort has been devoted to understanding the underlying physics that leads to anomalous magnetic properties of metallic Shastry-Sutherland magnets [1, 2, 3, 4] . However, in spite of an impressive research activity, the properties of these systems are far from being understood. In particular, this concerns the entire group of rare-earth metal tetraborides RB 4 (R = La − Lu) that exhibits the strong geometrical frustration. These compounds have the tetragonal crystal symmetry P 4/mbm with magnetic ions R 3+ located on an Archimedean lattice (see Fig.1a ) that is topologically equivalent to the so-called Shastry-Sutherland lattice [5] (see Fig. 1b ). It is supposed that the anomalous properties of these systems m/m s =1/11, 1/9, 1/7 and 1/2 [1] .
Despite the metallic nature of rare-earth tetraborides, the first theoretical works devoted to magnetization processes in these materials ignored completely the existence of the conduction electrons, and exclusively, only the spin models have been considered as the generic models for a description of magnetization plateaus with fractional magnetization. Because of strong crystal field effects, which are present in rare-earth tetraborides, the physically reasonable spin model seems to be spin-1/2 Shastry-Sutherland model under strong Ising anisotropy [1] . Thus, the study of the Ising limit was the first natural step towards the complete understanding of magnetization processes in rare-earth tetraborides. The subsequent analytical [6, 7, 8, 9] and numerical [10, 11, 12, 13] studies showed that the basic version of the Ising model on the Shastry-Sutherland lattice, with nearest and next-nearest neighbor interactions and its extensions, up to the 5th nearest neighbors, are able to describe some of the individual plateaus observed in rare-earth materials, as well as the partial sequences consisting of two or even three right magnetization plateaus, but not the complete sequences. These theoretical works point to the fact that for the correct description of magnetization processes in rare-earth tetraborides one has to consider the long-range interactions. On the other hand, some theoreticians speculate that for a description of complete sequences of magnetization plateaus in rare-earth tetraborides it is necessary to take into account both, the spin and electron subsystems, as well as the interaction between them. Indeed, our previous numerical studies showed [14] that the model based on the coexistence of both subsystems has a great potential to describe, at least qualitatively, the complete sequence of magnetization plateaus observed experimentally in some rare-earth tetraborides, e.g., TmB 4 . However, it is questionable if it is the intrinsic property of a model, or only a consequence of the large number of variables (fitting parameters) that enter to the model as interaction parameters describing possible spin, electron and electron spin interactions.
An alternative model, which takes into account both, the long-range interactions as well as the presence of conduction electrons, has been introduced recently by Feng et. al. [15] . Strictly said, it is a generalized Ising model, in which two spins on lattice sites i and j interact via the RKKY interaction J ij mediated by conduction electrons.
It is supposed that the RKKY coupling between the localized f and conduction s electrons is predominant in rare-earth compounds [1] and may play an important role in the mechanism of formation of magnetization plateaus with fractional magnetizations.
The model was studied numerically and various magnetization plateaus, depending on the value of the Fermi wave vector k F of conduction electrons were confirmed.
However, the importance of these results for a description of magnetization processes (magnetization plateaus) in rare-earth tetraborides is questionable, since they have been obtained under the assumption that these systems are electronically three dimensional and the Fermi surface is isotropic, which contradicts the latest experimental measurements of the angle-dependent magnetotransport in TmB 4 revealing the anisotropic Fermi surface topology [16] . For this reason we have decided to examine effects of the Fermi surface anisotropy on the magnetic phase diagram (magnetization plateaus) of the two-dimensional Ising model with the long range RKKY interaction.
For simplicity we consider here only the case of strong Fermi-surface anisotropy, represented by the purely electronically two-dimensional system, for which the matrix elements of the RKKY interaction have been derived by Béal-Monod [17] and have the form:
where r ij is the distance between the sites i and j on the real Archimedean lattice, k F is the Fermi wave vector, B
n (x), with n = 0, 1 are the Bessel functions of the first kind and B (2) n (x) are the Bessel functions of the second kind. In the current paper we use this formula for the matrix elements of the RKKY interaction and construct the comprehensive magnetic phase diagram of the two-dimensional Ising model with RKKY interaction on the Shastry-Sutherland lattice, in which both the magnetic and electronic subsystems are considered strictly as two dimensional. To construct this phase diagram we use the same method (the combination of the standard Metropolis algorithm and the parallel tempering method) and the same conditions (the periodic boundary conditions and the cut-off radius of the RKKY interaction r ij = 6) as were used by Feng et al [15] .
Results and Discussion
The Hamiltonian of the Ising model with the long-range RKKY interaction on the Shastry-Sutherland lattice can be written as
where the variable S in rare-earth tetraborides, which are metallic and for their correct description it will be necessary to use a more complex model taking into account both, the electron and spin subsystems as well as direct interactions within subsystems and between them.
Works in both directions, the generalization of the RKKY interaction for the case of the anisotropic Fermi surface and numerical studies within a more complex model, are currently in progress.
In Table 1 we present several sequences of magnetization plateaus that follow from our phase diagram for selected values of the Fermi wave vector k F representing typical behaviours of the model from the regions k F < 2π/1.24 and k F > 2π/1.24.
From the point of view of rare-earth tetraborides (e.g., T mB 4 ,ErB 4 ), the set of k F with k F < 2π/1.24 models quite realistically the experiment when the additional holes are doped into the system, while the second one with k F > 2π/1.24 models the experiment, when the additional electrons are doped into the system. It is seen that the spectrum of magnetization sequences is very wide and thus the results obtained can serve as a motivation for experimental studies of the influence of doping on the formation of magnetization plateaus in the tetraboride solid solutions. 
